Abstract. We analyze the efficiency of different materials used for spin-to-orbit angular momentum conversion by applying bending to parallelepiped-shaped bars made of crystals or glasses. It is found that generation of pure screw dislocations of the light wave front with the bending technique is possible only in isotropic materials and crystals belonging to hexagonal and trigonal symmetries, with exception of crystals of the point symmetry groups 3, 3 , 6, 6 and 6/m. We demonstrate that lexan is the most efficient material for generating optical vortex beams that bear orbital angular momentum, using the bending technique. This material reveals the highest figure of merit, 
Introduction
Optical vortices in the light beams that bear orbital angular momentum can be generated by a number of techniques. Usually they are based on computer-synthesized holograms with fork-like defects or spiral patterns of gratings [1, 2] , spiral phase plates [3] , optical wedges [4] , q-plates [5, 6] , etc. All of those tools for generating optical vortices, except for the q-plates, represent so-called passive techniques. In other words, the efficiency of spin-to-orbit angular momentum (SAM-to-OAM) conversion cannot be operated by external influences, which represents a serious drawback. Only the efficiency of the SAM-to-OAM conversion with the q-plates, which represent liquid crystalline matrices with embedded defects in their centres, can be tuned by either temperature or electric field [7, 8] .
Recently we have shown that optical vortices can also be generated with the aid of parametric optical effects (e.g., piezooptic or Pockels ones) induced by inhomogeneous external fields [9] [10] [11] [12] . For example, optical polarization singularities are successfully created using torsion of crystals, their bending [9] [10] [11] , or loading of transparent crystalline disks compressed along their diameters [12] . It has also been found that optical polarization singularities are imposed by structural dislocations existing in crystals or by residual stresses available in glass materials [13] . Moreover, singularities with the strength of topological defects equal to ½ can be induced by conically shaped electric field via the Pockels effect [14] .
Keeping all of those new techniques in mind, one can infer that searching for efficient materials for generation of the optical vortices on the basis of parametric optical effects represents an urgent practical problem. In our recent works [15, 16] . However, the Pockels effect exists only in acentric material media, while the torsion-induced optical vortices can be generated only in the crystals belonging to trigonal or cubic symmetry groups. These points significantly restrict the number of materials used for this aim.
On the other hand, optical vortices can be generated by bending a bar made of some material even with isotropic media, e.g., glasses [11] . Thus, we believe that analysis of efficiency of the SAM-to-OAM conversion for different materials subjected to bending is very important. The present work is just devoted to this problem.
Conditions for generating canonical vortices under bending of a bar with parallelepiped shape
As already shown in Ref. [11] , the canonical optical vortices can be generated by bending material bars under specific geometrical conditions. Let us remind in brief the principal results of the analysis [11] . Generation of a pure screw dislocation of the phase front by bending of bars can be implemented for the two limiting cases: (i) a mechanical load is distributed over all the upper surface of a sample (see Fig. 1a ), and (ii) a load is distributed over some distance d along the upper surface of that sample (see Fig. 1b ). and 2  2  3  2  2  2  2  2  2  66  12  3   3  4  4 4 
which corresponds to a mixed screw-edge dislocation of the phase front. Considering that , 0 X Y  at 2 l h  , one can rewrite Eqs. (1) and (2) 
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where 1 P implies the loading force. The above relations testify that the birefringence is distributed conically. Therefore a pure screw dislocation of the phase front and a canonical vortex with a unit charge should appear. However, the condition 2 l h  contradicts the inequality
assumed above and so it cannot be realized in practice.
In the second case when the load is distributed over the Fig. 1b ), the optical birefringence and the optical indicatrix rotation angle read as and   2  2  3  2  2  2  2  2  1  12  66  3   3 (
At small enough  values, formula (6) reduces to
This dependence of Z  on the tracing angle  corresponds to a so-called elliptical vortex appearing due to a mixed screw-edge dislocation of the wave front. Under the condition
Eq. (8) yields in tan 2 tan
i.e. we deal with a pure screw dislocation of the phase front leading to canonical vortex that has a unit charge. Under the same conditions, the spatial distribution of the birefringence is given by a conical shape:
Since the geometrical relation mentioned above can be simply reached, further on we will consider only the second case.
Relation for the efficiency of SAM-to-OAM conversion
Following our recent results [15, 16] , one can represent the efficiency of the SAM-to-OAM conversion as 
where the stress tensor components are given by the relations [11]
Then the angle of optical indicatrix rotation reduces to 6 44 
fils. These groups are as follows: 3, 3 , 32, 3m, 3m , 6, 6 , 6/m, 6m2 , 622, 6mm, and 6/mmm [17] . However, the crystals belonging to the symmetry groups 3, 3 , 6, 6 and 6/m manifest a very complicated structure of the piezooptic tensor. The consequence is a complicated relation for the optical indicatrix, 
which yields in the following optical indicatrix rotation:
One can see that Eq. (17) implies generation of the screw-edge dislocation of the wave front. Summarizing all the considerations mentioned above, we conclude that the pure screw dislocation can be generated by the bending technique only in the isotropic materials and the crystals that belong to the hexagonal and trigonal symmetries, with exception of crystals belonging to the point groups 3, 3 , 6, 6 and 6/m. In these cases only the coefficient 66 11 12 
Here the sample is divided into k l  homogeneous elementary cells in the XY plane and, in practice, we put k = 30 and l = 30. The size of each square homogeneous elementary cell in the XY plane is taken to be equal to 2 0.032 0.032 mm  . Since the beam has a circular cross section rather than a square one, the number of square-shaped elementary cells packed in such a cross section will be somewhat smaller than 900 N 
. Suppose now that the light beam propagates through a system of mutually orthogonally oriented circular polarizers and a crystalline sample subjected to bending and placed in between the polarizers. Then one gets the relation
With considering Eq. (7), the phase difference is determined as 
where
is a parameter that would define the efficiency of the SAM-to-OAM conversion, i.e. a figure of merit. Using Eq. (18), one arrives at the following expression for the efficiency of the SAM-to-OAM conversion: (21) where the practical step taken for the X and Y coordinate changes is equal to 0.032 mm, and R is the beam radius. Hence, the efficiency of the SAM-to-OAM conversion represents a quantity integrated over the cross section of the wide light beam. As a consequence, the problem of searching for materials efficient for the SAM-to-OAM conversion under the action of bending has been reduced to searching for crystalline materials of the trigonal and hexagonal symmetries or glass materials, which reveal the highest figures of merit M . In the presence of natural optical activity effect, one should additionally take into account the phase difference caused by the optical rotation. It is the same for all the elementary cells:
, where i g is the gyration tensor component along the direction of light propagation. Table 1 presents the piezooptic parameters important for the SAM-to-OAM conversion in some crystals and glasses whose optical characteristics are well known. As seen from Table 1 , the highest figure of merit among the crystalline materials is typical for ZnSe ( 12 2 29.9 10 m /N  
Estimations of efficiency of the SAM-to-OAM conversion for different materials

M =
).
Among the inorganic glasses, a fluoro-crown glass FK7 reveals the highest figure of merit. However, the polymer compounds, in particular lexan, are characterized by still better characteristics. The figure of merit for the latter substance is two orders of magnitude higher than that found for the other materials. The calculated dependences of the efficiency of SAM-to-OAM conversion on the loading force for different materials are presented in Fig. 2 . In our calculations, the following geometric parameters have been used: l = 20.3 mm, h = 3.2 mm, b = 5.65 mm, and d = 0.52 mm. As seen from Fig. 2 , the natural optical activity decreases the efficiency of the SAM-to-OAM conversion (see also [27] ). This is why the crystals that belong to the symmetry group 32 will hardly be efficient in practical applications. 
Experimental results
To verify experimentally the appearance of polarization singularities under bending of bars, we have used a BK7 glass with the dimensions mentioned above. The polarimetric setup and the working method used for measuring the angle of optical indicatrix rotation and the phase difference have been described elsewhere [9] . As seen from Fig. 3 , the phase difference acquires a zero value approximately in the centre of the XY cross section of our sample. The angle of optical indicatrix rotation at the same point reaches a singular (i.e., indefinite) value. If the tracing angle  changes by 360 deg, the change in the angle of optical indicatrix rotation is equal to 180 deg. This corresponds to the strength ½ of the topological defect, i.e. to generation of the singly charged optical vortex in case if the sample is placed in between the orthogonal circular polarizers. However, the linear dependence ( )   is typical only for the distances less than 0.2 mm (see Fig. 4 ). In other words, while generating the canonical vortex, the beam radius should be smaller than ~ 0.2 mm. Fig. 5 presents the spatial distribution of the intensity of outgoing optical beam bearing the optical vortex, which has been simulated for the particular case of the bended BK7 glass. Intensity, a.u. 
Conclusions
In the present work we have analyzed different materials utilized for optical vortex generation, using a known technique of bending of parallelepiped-shaped material bars. It has been shown that generation of the pure screw dislocation by the bending method is possible only with the isotropic materials and the crystals belonging to the hexagonal and trigonal systems, except for the crystals of the symmetry groups 3, 3 , 6, 6 , and 6/m. The analytical relation for the figure of merit describing the SAM-to-OAM conversion has been derived. We have demonstrated that the most efficient materials for generating optical vortex beams that bear the OAM are as follows: (i) the ZnSe crystals among crystalline materials (the figure of merit 12 2 29. 9 The appearance of the optical polarization singularity under bending of the bar made of the BK7 glass has been proved experimentally.
